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Background: Despite a broad spectrum of structural studies, it is not yet clear whether the D/E helix of
troponin C (TnC) contributes to the interaction of TnC with troponin I (TnI). Redox modiﬁcations at Cys 98 in
the D/E helix were explored for clues to TnC binding to the thin ﬁlament off-state, using recombinant wild-
type TnC and an engineered mutant without Cys (Cys98Leu).
Methods: Recombinant proteins and rabbit psoas skinned ﬁbres were reduced with dithiothreitol (DTT) and
variously recombined. Changes in afﬁnity of reduced or oxidised TnC for the thin ﬁlament were evaluated via
TnC binding and dissociation, using a standardized test for maximal force as an index of ﬁbre TnC content.
Results: All oxidation and reduction effects observed were reversible and led to changes in TnC content.
Oxidation (H2O2) reduced TnC afﬁnity for the ﬁlament; reduction (DTT) increased it. Reducing other ﬁbre
proteins had no effect. Binding of the Cys-less TnC mutant was not altered by DTT, nor was dissociation of
wild-type TnC from reconstituted hybrids (skeletal TnC in cardiac trabeculae). Thus when Cys 98 in the D/E
helix of TnC is fully reduced, its binding afﬁnity for the thin ﬁlament of skeletal muscle is enhanced and helps
to anchor it to the ﬁlament.
General Signiﬁcance: Signal transmission between TnC and the other proteins of the regulatory complex is
sensitive to the redox state of Cys 98.
© 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
In vertebrate striated muscle, the anchoring of troponin C (TnC,
18 kDa) to the thin ﬁlament involves the C-terminal domain, a globular
region of ~9 kDa that contains two EF-hand divalent-cation-binding
sites. These sites bind Ca2+ and Mg2+ competitively and with high
afﬁnity [1,2]. Each site is ﬂanked by twoα-helices: E and F for site III and
G and H for site IV. The N-domain of TnC resembles the C-domain
structurally but its two binding sites are Ca2+-speciﬁc and have a lower
afﬁnity (sites I and II, with helices A, B, C and D). Unlike the C-domain, it
shifts its position and attachment to the other troponin (Tn) subunits
depending on whether the low-afﬁnity sites are occupied by Ca2+ or
not. TheN- and C-domains are connected by a long,ﬂexibleα-helix thatin native skinned ﬁbre; Precon,
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Signiﬁcant progress toward understanding the regulation of the
thin ﬁlament has been achievedwith the publication of structural data
for the core elements of the regulatory complex [3–9]. In the Ca2+-
activated form of troponin, a semi-rigid arm formed from adjacent,
extended α-helices of TnT and TnI anchors the C-domain of TnC on
tropomyosin (Tm), while the TnC central helix carrying the globular
N-domain projects at right angles to the TnI-TnT arm [4]. A ﬂexible
segment of TnI, the inhibitory peptide (Ip, residues 104–115), is
bonded to the co-linear helices D and E of TnC by salt bridges [4,6]. The
TnI switch segment (residues 116–131) is lodged in the hydrophobic
pocket of the N-domain of TnC, near the two low-afﬁnity Ca2+-
binding sites.
There are conﬂicting reports concerning the state of the D/E helix
of TnC in the absence of Ca2+. When Ca2+ is removed, the
hydrophobic pocket of N-TnC closes, releasing the TnI switch to
bind to actin, where it serves to drag the regulatory complex (Tn–Tm)
out of the groove between the two strands of actin, covering the
myosin binding sites and promoting relaxation. According to one set
of crystallographic data [4], in its Ca2+-free state the D/E helix melts.
Since the crystallographic structures were obtained using truncated
Tn complexes (TnC and segments of TnI, with or without TnT2), it is
not surprising that differences arise when the complete ternary
complex (TnC–I–T) is mounted on the thin ﬁlament. Thus, polarised
0 10 20 30
R
es
id
ua
l T
en
sio
n 
(%
)
20
40
60
80
100
Incubation Time (min)
0 10 20 30
R
es
id
ua
l T
en
sio
n 
(%
)
20
40
60
80
100
∗
∗
R
ec
on
st
itu
tio
n
40
60
80
TnC 
TnC + DTT
∗
0.44
A
B
Recovery
Recovery
μM rTnC
Fig. 1. rTnC dissociation in the presence of DTT—TnC-depleted psoas ﬁbres were
reconstituted with rTnC (28 μM) and the dissociation curve was evaluated (A) in
relaxing solution (R) containing MgATP and Mg2+. In (B), dissociation was carried out
in rigor solution, lacking MgATP and Mg2+ (see Methods). DTT concentrations in
(A) and (B) were 0 (●), 0.5 mM (▼), 1 mM (■) or 2 mM (♦). The ﬁbres were tested for
tension every 5 min using the standard condition for maximum Ca2+ activation (pCa
4.4). Tension recovery following reconstitution at the end of each curve ranged from 94
to 100%, as shown by the points at the far right. Each curve was normalized to the initial
Precon.for that ﬁbre. The inset shows an increase in apparent TnC afﬁnity for the thin
ﬁlament in R containing 2 mM DTT. After native TnC extraction the ﬁbres were
reconstituted with 0.44 μMof rTnC in the presence of 0.1 mMDTT (empty bar) or 2 mM
DTT (ﬁlled bar). After TnC binding reached equilibrium the ﬁbres were re-incubated
with rTnC (28 μM) and the ﬁnal Precon (designated 100%) was obtained. The ﬁnal Precon
in the presence of 0.1 mM DTT was 86.4±4.2% of Po, which is not signiﬁcantly different
from the value in 2 mM DTT (80.8±5.3% of Po). Data points showmeans±S.E. of 4 to 7
experiments. *Pb0.05 compared to control (0 or 0.1 mM DTT) (Student's t-test).
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TnC in skinned ﬁbres led to the conclusion that the D/E helix was bent
[10,11], while amodel based on neutron and X-ray scattering from the
ternary complex found the D/E helix to be straight [9]. The picture that
emerges is one of remarkable ﬂexibility for both TnC and TnI,
consistent with the observation that bifunctional reagents ranging in
length from 2 Å to 18 Å can crosslink TnC's Cys 98 to TnI's Cys 133 in
the ternary complex [12].
Disulﬁde bonds between the cysteine residues of TnI [13] or
between those of TnC and TnI [12] block the regulatory function of Tn,
but otherwise the machinery of Ca2+ regulation in skeletal muscle
appears to be indifferent to mutations and derivatives of these
residues. As a consequence, they have been used extensively for cross-
linking studies designed to identify neighboring sites. There are four
cysteine residues in the subunits of rabbit skeletal Tn: TnI has three
(residues 48, 64 and 133), TnT has none, and TnC has one (Cys 98 in
the rabbit, Cys 101 in the chicken isoform). The cysteine residue of
TnC is located in its central helix, where it lies at the juncture of the
E-helix with the C-lobe of TnC. In solution, this cysteine becomes less
accessible to sulfhydryl reagents in the TnC–I binary complex
compared to TnC alone, with or without Ca2+, and thus it has
potential as a sensor for TnI proximity [14]. Nevertheless, these
observations do not tell us what happens in the thin ﬁlament. If Cys 98
interacts signiﬁcantly with its neighbors in TnI, we reasoned that
oxidation and reduction of the Cys thiol could provide information
about the importance of such interactions for communication
between the TnC central helix and other elements of the regulatory
complex. We designed experiments to test this in skinned ﬁbres,
using reduced and oxidised forms of TnC and evaluating its afﬁnity for
TnI–TnT on the thin ﬁlament in the absence of Ca2+.
2. Materials and methods
2.1. Ethical approval
The animals used for preparation of isolated ﬁbres (seven rabbits
and three rats) were sacriﬁced by cervical dislocation according to
procedures approved by the Committee for Ethics in Animal
Experimentation of the Federal University of Rio de Janeiro.
2.2. Proteins
Chicken recombinant TnC (rTnC) was cloned from chicken skeletal
muscle cDNA and expressed in E. coli as described [15]. The avian
recombinant protein has an additional three amino-acid residues at
the beginning of the molecule, which places cysteine at position 101
instead of position 98. The rest of its primary sequence is 90% identical
to the rabbit protein (see Results, 3.1). Nativemuscle TnCwas puriﬁed
from rabbit skeletal muscle and was a gift from Dr L.B. Smillie. The
cysteine-less TnC construct with Cys 98 replaced by Leu was a gift
from Dr Z. Grabarek and was generated from rabbit cDNA. It is
equivalent to the native protein in its ability to confer Ca2+ sensitivity
on myoﬁbrils [16]. Here, this construct (C98L) was utilised in
experiments that evaluated the importance of the cysteine residue
in the DTT effect.
The lyophilised proteins were dissolved in 10 mMTris–HCl, pH 7.0,
and 0.1 mM DTT and stored at −20 °C. This concentration of DTT,
which is not enough to fully reduce the endogenous cysteine of TnC
(see Fig. 1A)was chosen to ensure a consistent baseline condition that
would allow us to test the effects of both oxidation and reduction.
Fortuitously, this choice reproduces a physiologically relevant
condition: previous reports [17,18] indicate that myoﬁbrillar proteins
in fresh muscle are also not fully reduced. For reconstitution of TnC-
depleted skinned ﬁbres, the TnCs were diluted just before use in
relaxing solution containing the amount of DTT indicated for each
experiment (see below).2.3. Reagents
All reagents were analytical grade. Monovalent inorganic salts
were from Vetec (Brazil) and the other reagents were from Sigma
Chemical Co (St. Louis, MO, USA). Milli-Q deionised water (Millipore-
Waters Corp, Bedford, MA, USA) was used for the preparation of
solutions.
2.4. Skinned ﬁbres and trabeculae
Skeletal muscle skinned ﬁbres were prepared from rabbit psoas
muscle as described by [19]. The skinning and storage solutions
contained 152 mMK propionate, 20 mM imidazole propionate pH 7.0,
2.5 mM K2EGTA, 2.5 mM Mg acetate, 2.5 mM K2Na2ATP, 0.1 mM
leupeptin, 0.1 mM phenyl methyl sulphonyl ﬂuoride and 0.1 mg/mL
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−20 °C in a solution of the same ionic composition but prepared with
50% (v/v) glycerol. Cardiotrabeculae of ~100 μm in diameter were
prepared from the left ventricles of Wistar rats and permeabilized
with Triton-X-100 [20]. The tissue was stored for up to one week at
−20°C using the same solution but with 50% glycerol and without
Triton.
A single ﬁbre from skinned rabbit psoas or a bundle from the
skinned rat left ventricle was attached to stainless-steel troughs
separated by 1–2 mm and projecting from an Akers 801 force
transducer on one end and a micromanipulator on the other, to
control ﬁbre length. After mounting, ﬁbres were tightened just
enough to remove slack, measured with an ocular micrometer, and
stretched to 120% of this length. Sarcomere length varied from 2.2 to
2.3 μm, as measured using a Nikon CoolPix camera to project the
image onto a TV screen. Force measurements were performed in a
350-μL chamber with temperature control (15°±1 ° C), under
constant stirring. Force data were recorded on a Beckman polygraph.
2.5. Extraction of native TnC and reconstitution with rTnC
Native TnC was extracted from ﬁbres or trabeculae mounted in the
chamber at 15 °C using repeated 15-second incubations with rigor
solution (165 mMK propionate, 20 mM imidazole propionate, 10 mM
K2EDTA, pH 7.0) containing 0.5 mM triﬂuoperazine HCl (TFP),
alternating with relaxing solution (R, see below). Residual force was
tested at saturating Ca2+ (pCa 4.4) after washing ﬁve times and
incubating in R for ﬁve minutes to remove TFP. This sequence was
repeated until residual force was b10% of the original maximal force
(Po). On average, the residual force was 2.3±0.9% of Po for skeletal
ﬁbres and 6.4±1.2% of Po for trabeculae. Since this indicates a
substantial residual amount of the native TnC remaining in trabeculae,
a control was performed to test whether the residual TnC might affect
the dissociation curves. The initial Precon with rTnC and the loss of
force associated with rTnC dissociation for 20 min were compared in
15 preparations that had either low (average 0.6%) or high (average
10%) residual tension following extraction of native TnC. Reconstitu-
tion (68 vs 64%) and dissociation after 20 min (23 vs 24%) were not
signiﬁcantly different in the two groups (PN0.05). Similar data were
obtained for 13 skeletal ﬁbres. Thus, at least up to 10–12%, the amount
of native TnC left after extraction does not signiﬁcantly affect either
reconstitution or the rTnC dissociation curves.
Reconstitution following two or three incubations with R contain-
ing 28 μM rTnC, either in the chamber (350 μL) or by means of a
droplet applied for 60 s to the preparation suspended in air led to a
maximal force at pCa 4.4 (Precon/Po) that was 82±1.3% of the original
Po in skeletal ﬁbres and 70.4±1.5% in trabeculae. This concentration
of rTnC is 60 times the value required for half-maximal reconstitution,
more than enough to saturate the TnC binding sites on the thin
ﬁlament [21]. The incubation with TnC was repeated until no further
increase in force occurred when pCa 4.4 was applied. Reconstitution
for trabeculae was lower than the Precon value for psoas ﬁbres, but
compared favorably with previous data for skeletal TnC in rat
trabeculae (60% of Po) [22]. Reconstitution with the native (rabbit)
protein was 81%.
2.6. Dissociation assays
The rate and extent of rTnC dissociation from the thin ﬁlament
under different conditions were evaluated using a standard test with
pCa 4.4 at 5-min intervals, as described [19]. The pCa 4.4 solution used
for Po and to assess the degree of TnC dissociation was invariable:
2 mM free Mg2+, 4 mM MgATP, 5 mM CaK2EGTA, 152 mM K
propionate and pH 7.0. The standard relaxing solution (R) contained
5 mM K2EGTA instead of CaK2EGTA. Activation was preceded by brief
exposure to a relaxing solution containing 0.1 mM K2EGTA. At the endof each experiment, ﬁbres were reconstituted with rTnC and tested at
pCa 4.4 to ensure that the loss of tension was reversible. In general, it
was possible to recover at least 90% of the initial Precon value even after
three or four curves on the same ﬁbre. This allowed us to test a control
and two or three experimental conditions on each ﬁbre. Fibres that
reconstituted to less than about 75% of the original Po were discarded.
2.7. Binding assays
Theextent of reconstitutionwith0.44 μMrTnCwasused as an index
of changes in the apparent afﬁnity constant for TnC binding to the thin
ﬁlament. This concentration lies at approximately the middle of the
rTnC binding curve for psoas ﬁbres in R containing 0.1 mMDTT, which
was used as the standard condition for reconstitution [21]. In this case,
after extraction of native TnC, the ﬁbre was immersed repeatedly in
0.44 μM rTnC until no further incorporation occurred at that concen-
tration, as measured by the standard test for tension at pCa 4.4. Then
the ﬁbre was immersed in a saturating concentration of rTnC (28 μM)
to obtain the maximal reconstitution (Precon) under the test condition.
The ﬁnal reconstitution for these experiments was 83.6±3.3% of
Po (mean±S.E.M.).
2.8. Composition of experimental solutions
The solutions used in these experiments were formulated as
described [19], to contain 2 mM free Mg2+ and 4 mM MgATP
(MgHATP−+MgATP2−) at an ionic strength of 0.18–0.19 (adjusted
with K propionate). In the TnC dissociation experiments, DTT was
added to the solutions before each experiment at the concentrations
indicated (0.1 mM, 1 mM and 2 mM). The stock solution of DTT
(500 mM) was stored frozen in small aliquots and tested periodically
to ensure that it was in the reduced state bymeasuring the absorbance
at 283 nm.
2.9. Statistical analyses
For binding experiments, tensions obtained following reconstitu-
tion with 0.44 μM rTnC were normalized to the maximal Ca2+-
activated force at pCa 4.4 (with or without DTT) at the end of each
experiment, after reconstitution with 28 μM rTnC to obtain Precon. For
TnC dissociation experiments, the tensions were normalized to the
Precon value obtained at the beginning of each experiment. The
experimental results are reported as means±S.E.M. of at least 4 ﬁbres
and were analyzed for signiﬁcance using Student's t test at Pb0.05,
paired or unpaired depending on the experimental design.
3. Results
3.1. DTT retards dissociation and favors binding of TnC to the thin
ﬁlament
When the native TnC of rabbit psoas skinned ﬁbres is replaced
with recombinant chicken TnC, the Ca2+-activated tension response is
initially restored. Subsequently, however, incubation of the recon-
stituted ﬁbre in relaxing solution (R) together with periodic testing at
pCa 4.4 reveals a slow loss of tension, as rTnC dissociates from the thin
ﬁlament and diffuses out of the myoﬁlament space into the bath
(Fig. 1A). As discussed in previous reports [19,23], dissociation of
native TnC from rabbit myoﬁbrils is very slow, but 10% of the primary
sequence of the avian protein is different from that of the rabbit, and
most of the differences (13 of 17 residues) occur in the C-domain.
Some of them apparently generate a mismatch with respect to TnC
binding partners (i.e. other Tn subunits) that allows it to dissociate
more rapidly. Calcium regulation (Po and pCa50) in the hybrid is
indistinguishable from that in the native ﬁbre [23]. We have taken
advantage of this hybrid to study various factors that alter the afﬁnity
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Fig. 2. Effects of DTT before and during rTnC reconstitution.—After native TnC
extraction, two different DTT treatments were performed. In (A), the entire ﬁbre was
exposed to DTT (2 mM) during reconstitution with rTnC and then a dissociation curve
was performed in R (gray bar). As control for this experiment, the ﬁbre was
reconstituted with rTnC in 0.1 mM DTT. In both cases, DTT was absent during
dissociation of the reconstituted rTnC. In (B), the TnC-depleted ﬁbres were incubated
for 15 min in R with 2 mM DTT (gray bar) or without DTT (control), but reconstitution
was performed without DTT, so that rTnC was never exposed to a high concentration of
the reducing agent. In both cases, DTT was 0.1 mM during reconstitution and absent
during the dissociation curve. Bars show the residual tension after 30 min of
dissociation (mean±S.E., n=4), normalized to the initial Precon. The ﬁnal reconstitu-
tion at the end of the experiment was 94.7 ± 3.3%. *Pb0.05 compared to control,
without DTT.
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in the rate of loss of TnC indicates a lower afﬁnity for the thin ﬁlament
[21]. Based on data from different laboratories, we can assume that
loss of force for both skeletal [19] and cardiac preparations [22] is
linearly related to loss of TnC down to 20% or less of the original
amount present in the ﬁbre, as long as the loss in force is reversible by
adding back TnC.
Variations in the redox state altered the dissociation of rTnC from
the thin ﬁlament. Over a period of 30 min in R containing 1 or 2 mM
DTT (Fig. 1A), the loss of tension was signiﬁcantly less than in the
control (0 DTT). Inspection of the curves obtained with 0 and 2 mM
DTT in this ﬁgure shows that the difference was already evident at
10 min (Pb0.05), and also that the effect of DTT appeared to be
saturated at 1 mM. At a lower concentration of DTT (0.5 mM), the
dissociation curve was similar to the control (PN0.05). Incubation
with a saturating concentration of rTnC at the end of each curve
restored the tension to 95–99% of the original Precon value, indicating
that the loss in tension during each experiment was due entirely to
the dissociation of rTnC and not to the deterioration of the ﬁbre. The
relatively rapid and completely reversible response to DTT is
consistent with a report by Andrade et al. [17], who studied DTT
effects on different properties of freshly dissected, intact ﬁbres from
the mouse.
In the absence of ATP and Mg2+, dissociation was markedly faster
because Mg2+ was not present in the C-domain sites [24,25]. In this
case, the addition of 1–2 mM DTT was unable to prevent the
dissociation of TnC from the thin ﬁlament (Fig. 1B). The remaining
experiments were carried out in R, which contains MgATP and 2 mM
free Mg2+ and maintains the ﬁbres in a relaxed state.
The apparent binding constant for TnC association with the thin
ﬁlament in R in the presence and absence of 2 mM DTT was evaluated
by measuring the force recovery following equilibration with a low
concentration of rTnC (0.44 μM). This concentration is sufﬁcient to
restore approximately half of the maximum force during reconstitu-
tion in the standard relaxing solution, and an increase in force in
comparison with the control at this concentration indicates an
increase in the binding constant for rTnC [21]. When the ﬁbres were
equilibrated with 0.44 μM rTnC in R, the % of Precon was 47.7±2.2%,
whereas in the presence of 2 mM DTT, the restored force was 61.6±
3.4% of the maximal Precon value (Pb0.05, inset of Fig. 1A). This
indicates an increase in afﬁnity of about 25% [21], leading to
incorporation of more rTnC. This same experiment also indicated
that maximal force recovery was not affected by DTT, since Precon with
a saturating rTnC concentration (28 μM) was the same in both sets of
ﬁbres (see legend to Fig. 1A).
When β-mercaptoethanol (up to 500 mM)was used in place of DTT,
the dissociation of rTnC from the thin ﬁlament in R was unaltered
compared to the control (data not shown). DTT has a higher redox
potential and is expected to be more effective than β-mercaptoethanol.
3.2. Localization and persistence of the DTT effect among proteins of the
thin ﬁlament
To evaluate whether DTT had a persistent inﬂuence on the binding
of TnC to the thin ﬁlament, we carried out an experiment inwhich DTT
was present only during reconstitution. After the extraction of native
TnC, the ﬁbres were incubated with rTnC in the presence of 2 mMDTT
and the TnC was allowed to dissociate in R solution lacking DTT
(Fig. 2A). Control ﬁbres were reconstituted with rTnC in R containing
0.1 mMDTT,which is the standard reconstitution condition. The initial
Precon obtained in the control was 78.7±2.9% of the original Po (n=4),
and Preconwas not signiﬁcantly greater upon reconstitutionwith 2 mM
DTT (78.0±2.9%). Subsequently, however, dissociation in R was
notably slower. After dissociation for 30 min in R without DTT, the
residual tension obtained in control ﬁbres was 70.0±4.7% of Precon,
whereas for ﬁbres reconstituted in 2 mMDTT the residual tension was88.6±4.4% (Pb0.05) (Fig. 2A). Finally, the ﬁbreswere incubated again
with 28 μM rTnC in the standard condition, and they recovered more
than 95% of the initial tension (not shown). This experiment shows
that rTnC retained a higher afﬁnity for the thin ﬁlament for at least
30 min following exposure to 2 mM DTT, even when DTT was no
longer present.
In the next experiment, we evaluated whether the effect of DTT
could be attributed to rTnC or whether another protein of the thin
ﬁlament was reduced and contributed to a tighter binding of rTnC. In
this experiment, the native TnC was extracted and the depleted ﬁbres
were bathed for 15 min in R containing either 0 (control) or 2 mM
DTT, providing an opportunity for all other proteins in the ﬁbre to
become reduced. The ﬁbres were then washed and reconstituted with
rTnC in the standard condition (0.1 mM DTT) and a dissociation curve
was performed in the absence of DTT (Fig. 2B). The dissociation curves
were identical, within experimental error, leading to residual tensions
of 60.0±1.9% and 55.5±6.3%, respectively (PN0.05) for ﬁbres pre-
incubated with 0 or 2 mM DTT before reconstitution with rTnC. Thus
exposure of ﬁbres to DTT may have reduced other proteins but it had
no effect on TnC's afﬁnity for the ﬁlament unless TnC itself was
exposed to DTT. We can conclude that the slower dissociation
observed in Figs. 1A and 2A was due to the reduced state of rTnC
and not the reduction of other muscle proteins.
3.3. Dissociation of TnC C98L in the presence of DTT
A further test for localizing the effect of the reducing agent was
performed using a cysteine-less TnC. In the recombinant TnC from
rabbit skeletal muscle, Cys 98 was replaced with Leu, and the native
protein puriﬁed from muscle was used as the control. The ﬁrst step
was to determinewhether the native protein (sTnC) had a response to
DTT. Fig. 3A shows that the protein dissociated more slowly than the
recombinant chicken TnC (cf. Fig. 2), but it exhibited the same
response to DTT, i.e. an increase in afﬁnity. Thus after 30 min of
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dissociation, normalized to the initial Precon. In (B), the same experiment was
performed in ﬁbres reconstituted without DTT using rTnC C98L, where cysteine 98
was mutated to leucine (Precon, 79% of Po). In both A and B, *Pb0.05 (mean±S.E., n=5)
in comparison with the control, where dissociation occurred without DTT. Recovery
following incubation with rTnC at the end of the experiment was 97.9±0.6%.
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Fig. 4. Oxidation and reduction have opposite effects on rTnC dissociation from the thin
ﬁlament—TnC-depleted ﬁbres were reconstituted with rTnC (28 μM) and dissociation
curves were performed in R containing (▲) 0 (control) or (●) 5 mM H2O2. Finally,
following reconstitution in the presence of 2 mM DTT, a third dissociation curve was
performed in R (■) (recon w/DTT). The curves are normalized to the initial Precon value.
*Pb0.05 compared to the control (mean±S.E., n=5).
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Fig. 5. Effect of redox state on rTnC dissociation from the cardiac thin ﬁlament —
Permeabilized rat cardiac trabeculae were depleted of native TnC and reconstituted
with chicken skeletal rTnC (28 μM). Dissociation curves were carried out in R
containing (▼) 0 or (●) 2 mM DTT. After each curve the ﬁbres were re-incubated
with skeletal rTnC. Force recovery was 94.4±2.2% and 87.6±5.3% (mean±S.E., n=5)
for 0 and 2 mM DTT, respectively (relative to the initial Precon value). The curves are
normalized to the maximal tension obtained (initial Precon).
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2.0%) was signiﬁcantly greater than when DTT was absent (control,
77.4±3.5%) (Pb0.05). Next, the ﬁbres were reconstituted with C98L
TnC under the standard condition, and two dissociation curves were
carried out: one without DTT (control), and another with 2 mM DTT
(Fig. 3B). After 30 min, the tests for residual tension were essentially
identical: 79.1±5.5% with 2 mM DTT and 76.3±4.4% in the control
(PN0.05). This experiment shows that it is the reduction of the
cysteine in the TnC central helix that is important for the tighter
binding of rTnC. We note that the fact that the residual tension after
30 min was the same for the controls in A and B (no DTT present
during dissociation) shows that the mutant and WT proteins (in their
partially oxidised states) had essentially the same afﬁnity for the thin
ﬁlament. Interestingly, the mutant (lacking Cys 98) was clearly bound
less tightly than the fully reduced WT protein (cf. light gray bars in A
and B).
3.4. Fibre oxidation and TnC dissociation
As a counter-proof for the reducing effect of DTT, an experiment
was performed using H2O2, a strong oxidising agent (Fig. 4). TnC-
depleted ﬁbres were reconstituted with rTnC and a dissociation curve
was carried out in the standard condition. Following reconstitution
and recovery of maximal tension, a second dissociation curve was
performed with R containing 5 mM H2O2. Note that a difference from
the control can already be seen at 5 min, and thus oxidation with this
reagent, like reduction with DTT, is relatively rapid. Finally, the
dissociated TnC was replaced in the presence of 2 mMDTT and a third
dissociation curve was carried out in the standard condition, without
DTT or H2O2. The residual tension at the end of the dissociation curve
(30 min) with R containing H2O2 was 64.3±2.5%, signiﬁcantly less
than in the control (75.2±2.9%, Pb0.05) and also less than after
dissociation from the ﬁbres reconstituted with 2 mM DTT present
(86.5±2.2%). It is noteworthy that after exposure to H2O2, both the
maximum tension and the afﬁnity for the thin ﬁlament were
recovered (upper curve and data points at upper right in Fig. 4).
Recovery of maximum tension on incubating ﬁbres with rTnC and DTT
is consistent with the loss of TnC alone in the presence of H2O2, and
recovery of TnC afﬁnity means that the oxidation was a readily
reversible process.3.5. Inﬂuence of the TnI and TnT isoforms on the dissociation of TnC in
different redox states
The TnI and TnT isoforms of cardiac muscle differ in many respects
from those of skeletal muscle. In order to evaluate the inﬂuence of
these proteins on the ability of the rTnC to bind with greater afﬁnity
when the cysteine in the central helix is reduced, experiments were
carried out in rat trabeculae where native cardiac TnC was replaced
with chicken skeletal rTnC. Dissociation of rTnC in R was essentially
identical (PN0.05) in the presence and absence of 2 mM DTT (Fig. 5).
Thus the reduced state of Cys in the central helix increased the
interaction of TnC with TnI–TnT in the context of the skeletal muscle
Tn but not with the cardiac isoforms.
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The data presented in this report show for the ﬁrst time that TnC
afﬁnity for the thin ﬁlament under relaxing conditions is sensitive to
the redox state, increasing with DTT and decreasing with H2O2. These
changes are reversible, and they can be attributed speciﬁcally to the
redox state of Cys 98 (Cys101 in the chicken) in the D/E helix of TnC
itself and not to other Cys residues present on the thin ﬁlament. At
ﬁrst it seemed surprising that Cys residues of TnI, well known for their
ability to form intra- and intermolecular disulﬁde bonds [12,13],
might not contribute functionally to anchoring TnC. In fact, however,
it has been shown that a Cys-less TnI mutant can be incorporated
readily into thin ﬁlaments and participate normally in Ca2+ regulation
[26]. Thus even the surface-exposed Cys 133, a signiﬁcant landmark at
the C-terminus of the TnI switch, does not appear to be a major player
in our assays.
In previous reports, we have shown that the loss of isometric
tension can be used to quantify the dissociation of TnC from the thin
ﬁlament, and that a slower rate of loss reﬂects an increase in the
afﬁnity of TnC for the ﬁlament [19,21]. In the present study, this
correlation was conﬁrmed by comparing dissociation curves with
rTnC binding in the presence and absence of DTT. The increase in
binding at a concentration of 0.44 μM rTnC corresponds to a leftward
shift in the TnC binding curve and an increase in the apparent binding
constant (Ka) of about 25%, from 2.4 μM−1 to 3.0 μM−1 [21]. The
increase in afﬁnity was essentially saturated following incubation
with 1 mMDTT, and other cysteine residues on the thin ﬁlament were
not involved. We infer that reduction of Cys 98/101 leads to a
conformational change in the C-domain of TnC that enhances its
interaction with TnI.
Our data do not showwhat TnI region is involved in this change in
afﬁnity. Although the principal I–C interactions are hydrophobic [5], a
signiﬁcant electrostatic component has been demonstrated by
different laboratories, using an increase in ionic strength to reduce
the afﬁnity of TnC for TnI [21,27,28]. In solution, this effect is greater in
the absence of Ca2+ (a condition similar to ours) than in its presence
[28]. The fact that ionic strength has the same effect on TnC in the
binary complex [28] as it does in the intact thin ﬁlament [21] provides
support for the idea that we are looking at a TnC–TnI interaction and
not one that is dominated by binding to TnT, which also occurs [29].
Electron spin resonance studies using spin labels attached to sTnC at
Cys 98 in both binary and ternary complexes [30] lead to the same
conclusion. One candidate for an electrostatic interaction with the D/E
helix near Cys 98 is the Ip peptide (residues 104–115), whose ﬁrst few
residues are positively charged.
The concentration of oxidant species in skeletal muscle increases
dramatically during exercise and fatigue, with negative effects on
myoﬁlament proteins. These effects are thiol-dependent and can be
reversed by DTT [31]. The changes we see in TnC attachment are also
reversible, and we note that they are evident in a physiological
condition, with Mg2+ and MgATP2− (Fig. 1). In native skinned ﬁbres,
oxidation with 5 mM H2O2 also causes reversible changes in Po
without affecting actomyosin ATPase activity, and may affect the thin
ﬁlament off-state [32]. Although our experiments focus on TnC
dissociation as an index of afﬁnity changes, we infer that oxidation
would not actually have to dislodge TnC completely in order to affect
the response of the thin ﬁlament. In a physiological context, what
would be the consequence of TnC binding less tightly to TnI? We are
accustomed to thinking of TnC as the starting point for a sequence that
begins with Ca2+ binding to the N-domain and leads to a wholesale
shift of tropomyosin into the groove between the two strands of actin.
However, there is ample evidence for communication in both
directions along this route (for references see [19]). Conformational
changes at one end of TnC are reﬂected at the other, whether N or C.
Changes in the number and strength of cross-bridge attachments to
the thin ﬁlament can alter binding of the TnC C-domain by an order ofmagnitude [19]. Calcium binds more tightly to the N-domain when
cross-bridges are attached to the thin ﬁlament, an effect that clearly
requires signal transmission from actin up through the C-domain and
the central helix to the N-domain [33]. A loosening of the attachment
at the TnC–TnI junction on the I–T armwould be expected to affect the
kinetics of this process. The contraction and relaxation kinetics in
normal myoﬁbrils appear to be rate-limited by crossbridge attach-
ment and detachment rates, not by themuch faster events in the thin-
ﬁlament regulatory proteins. However, there is evidence from several
cardiomyopathy mutants of cTnI that abnormal TnI–TnC interactions
can alter contraction and relaxation kinetics by indirect effects on
crossbridge cycling. These can cause a delay in the onset of relaxation,
and there are TnC mutants that have a similar effect in the skeletal
myoﬁbrils (for a review, see [34]).
It is intriguing that the experiments with the skeletal TnC isoform
in cardiac ﬁbres showed no effect of DTT. This observation suggests
marked differences in the I–C interactions of cardiac and skeletal
ﬁbres, and this is ratiﬁed by kinetic studies of regulated thin ﬁlaments,
particularly in the absence of Ca2+ [35]. Reactivity of the cysteine of
skeletal TnC to thiol reagents is much greater than for cysteines of
cardiac TnC [36], which lie in the N-domain (Cys 35) or very close to it
(Cys 84). Different authors have compared cardiac and skeletal Tn
based on a broad range of structural data [4,6,9,37]. Here we focus on
the region that anchors TnC. We have inserted skeletal TnC into a
cardiac thin ﬁlament, so we might expect the position of TnI residues
capable of interacting with the D/E helix (not visible in the cardiac
crystal structure) to be an important difference from the situation in
psoas ﬁbres, while the central helix of TnC is a shared feature of the
two constructs. Maximum force was similar (82%, 70%), and the time
course of rTnC dissociation in R under control conditions was
essentially identical in skeletal and cardiac ﬁbres (cf. Figs. 1 and 5).
The lack of response to DTT in the skeletal/cardiac hybrid may mean
that cardiac TnI has little contact with TnC central helix in the absence
of Ca2+. Hoffman and Sykes [37] have analyzed the sequence of the
different TnI isoforms for their propensity toward disorder, and they
are very different. The predicted disorder of the cardiac isoform,
including the Ip region, is much less, and the authors suggest that this
contributes to a weaker off-state (i.e. less inhibition in low Ca2+)
compared to skeletal Tn.Acknowledgements
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